The iconic orange clownfish, Amphiprion percula, is a model organism for studying the 34 ecology and evolution of reef fishes, including patterns of population connectivity, sex 35 change, social organization, habitat selection and adaptation to climate change. Notably, the 36 orange clownfish is the only reef fish for which a complete larval dispersal kernel has been 37 established and was the first fish species for which it was demonstrated that anti-predator 38 responses of reef fishes could distinguish predators based on their olfactory cues and that this 39 ability is impaired by ocean acidification. Despite its importance, molecular resources for this 40 species remain scarce and until now it lacked a reference genome assembly. Here we present 41 a de novo chromosome-scale assembly of the genome of the orange clownfish Amphiprion 42 percula. We utilized single-molecule real-time sequencing technology from Pacific 43
Introduction
breeder matures into a breeding male. The breeding pair lays clutches of demersal eggs in 103 close proximity to their host anemone. Eggs hatch after 7-8 days and the larvae disperse into 104 the open ocean for a period of 11-12 days, at which time they return to the reef and settle to 105 an anemone. 106
107
The close association of clownfish and other anemonefishes with sea anemones makes them 108 excellent species for studying aspects of marine mutualisms and habitat selection. The easily 109 identified and delineated habitat they occupy, along with the ease with which the fish can be 110 observed in nature, makes them ideal candidates for behavioral and population ecology. The 111 unique capacity to collect juveniles immediately after they have settled to the reef from their 112 pelagic larval phase also makes them ideally suited to testing long-standing questions about 113 larval dispersal and population connectivity in reef fish populations. Using molecular 114 techniques to assign parentage between newly settled juveniles and adult anemonefishes, 115 recent studies have been able to describe for the first time the spatial scales of dispersal in reef 116 fish and its temporal consistency (Almany et al., 2017) . The ability to map the connectivity of 117 clownfish populations in space and time has also opened the door to addressing challenging 118 questions about selection, fitness and adaptation in natural populations of marine fishes 119 (Pinsky et al., 2017; Salles et al., 2016) . Finally, the orange clownfish is one of the relatively 120 few coral reef fishes that can easily be reared in captivity (Wittenrich, Turingan, & Creswell, 121 2007 ). Consequently, it has unrivalled potential for experimental manipulation to test 122 ecological and evolutionary questions in marine ecology (Dixson et al., 2014; Manassa et al., 123 6 questions and this is particularly true for coral reef species in the wake of anthropomorphic 126 climate change and its effects on these sensitive ecosystems (Stillman & Armstrong, 2015) 127 128 To date, genome assemblies of two anemonefish, A. frenatus (Marcionetti, Rossier, Bertrand, 129 Litsios, & Salamin, 2018) and A. ocellaris (Marcionetti et al., 2018) , have been published. 130
Both of these were based on short-read Illumina technology with genome scaffolding 131 provided by shallow coverage of PacBio (Marcionetti et al., 2018) or Oxford Nanopore (Tan 132 et al., 2018) long reads. While the use of long reads to scaffold Illumina-based assemblies 133 improves contiguity, both genome assemblies are highly fragmented with respective contig 134 and scaffold N50s of 14.9 and 244.5 kb for A. frenatus and 323.6 and 401.7 kb for A. 135 ocellaris. Here we present a chromosome-scale genome assembly of the orange clownfish, 136 which was assembled using a primary PacBio long read strategy, followed by scaffolding 137
with Hi-C-based chromatin contact maps. The resulting final assembly is highly contiguous 138 with contig and scaffold N50 values of 3.12 and 38.4 Mb, respectively. This assembly will be 139 a valuable resource for the research community and will further establish the orange 140 clownfish as a model organism for genetic and genomic studies into ecological, evolutionary 141 and environmental aspects of reef fishes. To facilitate the use of this resource, we have 142 developed an integrated database, the Nemo Genome DB (http://nemogenome.org/), which 143 allows for the interrogation and mining of genomic and transcriptomic data described here. 144 145 146 7 Specimen collection and DNA extraction 150
Adult orange clownfish breeding pairs were collected on the northern GBR in Australia. Fish 151 were bred at the Experimental Aquarium Facility of James Cook University (JCU) and one 152 individual offspring was sacrificed at the age of 8 months. The whole brain was excised, snap 153 frozen and kept at -80°C until processing. High molecular weight DNA was extracted from 154 whole brain tissue using the Qiagen Genomic-tip 100/G extraction kit. The genome sequence was assembled from the unprocessed PacBio reads (Table S1) using 174 the hierarchical diploid aware PacBio assembler FALCON v0.4.0 (Chin et al., 2016) . To 175 obtain the optimal assembly, different parameters were tested (Table S2) Assembly "A7" exhibits the highest contiguity and single copy orthologous gene 180 completeness and was selected for further improvement. The FALCON_Unzip algorithm was 181 then applied to the initial A7 assembly obtain a haplotype-resolved, phased assembly, termed 182 "A7-phased". Contigs less than 20 kb in length were removed from the assembly. This phased 183 assembly was polished with Quiver to achieve final consensus sequence accuracies 184 comparable to Sanger sequencing (Chin et al., 2013) using default settings, which produced 185 the "A7-phased-polished" assembly. 186 187 Genome assembly scaffolding with chromatin contact maps 188
The flash-frozen brain tissue was sent to Phase Genomics (Seattle, WA, USA) for the 189 construction chromatin contact maps. Tissue fixation, chromatin isolation, library preparation 190 and 80-bp paired end sequencing were performed by Phase Genomics. The sequencing reads 191 were aligned to the A7-phased-polished version of the assembly with BWA (H. Li & Durbin, 192 2010) and uniquely mapping read pairs were retained. Contigs from the A7-phased-polished 193 assembly were clustered, ordered and then oriented using Proximo (Bickhart et al., 2017; 194 9 number of groups specified as the number of the haploid chromosomes. The haploid 198 chromosome number was set as 24, which is consistent with the observed haploid 199 chromosome number of the Amphiprioninae, as published for A. ocellaris (Arai, Inoue, & Ida, 200 1976 For genome assembly comparisons, we compared the Nemo v1 genome assembly to the 26 311 previously reported fish chromosome-scale genome assemblies (Table S3 ). Comparisons were 312 made for genome assembly contiguity and completeness. Contig N50 values are reported for 313 the scaffold-scale versions of each assembly and are taken from the indicated publication 314 (Table S3 ), database description (Table S3 ) or were generated with the Perl 315 assemblathon_stats_2.pl script (Bradnam et al., 2013) . Genome assembly completeness was 316 assessed by determining the proportion of the genome size that is contained within the 317 chromosome content of each assembly. It should be noted that this comparison is relative to 318 the estimated genome size and not the published assembly size. The estimated genome size 319 was taken as either the published estimated genome size in the relevant paper (Table S3 ), or 320 from the Animal Genome Size Database (Gregory, 2018). Where possible, k-mer derived or 321 flow cytometry-based estimates of genome size were used. Before calculation, we remove 322 stretches of Ns from the genome assemblies as these are used to arbitrarily space scaffolds 323 and do not contain actual genome information. However, this step was not possible for the 324 respectively. 26,597 sequences were used for the orange clownfish. These protein sequences 340
were reciprocally blasted against each other and clusters of orthologous genes were then defined using OrthoFinder with default parameters. As part of OrthoFinder, the concatenated 342 sequences of single-copy orthologs present in all species were then used to construct a 343 phylogenetic tree, which was rooted using STRIDE (Emms & Kelly, 2017) . 344 (Table S1 ). After filtering with the read pre-assembly step 361 of the Falcon assembler, 5,764,748 reads, covering 54.3 Gb and representing a 58-fold 362 coverage of the genome, were available for assembly. 363
To optimize the assembly parameters, we performed 12 trial assemblies using a range of 365 parameters for different stages of the Falcon assembler (Table S2 ). The assembly quality was 366 assessed by considering assembly contiguity (contig N50 and L50), total assembly size, and 367 also gene completeness (BUSCO) ( Table 1) . Assembly A7 exhibited the highest contig N50 368
(1.80 Mb), lowest contig L50 (138 contigs), lowest number of missing BUSCO genes (132) 369 and is only slightly surpassed in the longest contig metric (15.8 Mb) by the highly similar 370 assemblies A8 and A9 (16.5 Mb) ( Table 1) established the parameter set that gave the best assembly metrics with Falcon, we used 380
Falcon_Unzip to produce a phased assembly ("A7-phased") of the orange clownfish (Table  381 2). The phased assembly was 905.0 Mb in length with a contig N50 of 1.85 Mb. As has been 382 seen in previous genome assembly projects (Chin et al., 2016) , Falcon_Unzip produced a 383 smaller assembly with fewer contigs than the assembly produced by Falcon ( Table 2) . The 384 phased primary assembly was then polished with Quiver, which yielded an assembly ("A7-385 phased-polished") with 1,414 contigs spanning 903.6 Mb with an N50 of 1.86 Mb (Table 2) . 386
This polishing step closed 91 gaps in the assembly and improved the N50 by approximately 387 contigs were resolved, covering 340.1 Mb of the genome assembly. The contig N50 of these 389 secondary contigs was 38.2 kb, with over 99% of them being longer than 10 kb in size. 390
Relative to the 903.6 Mb A7-phased-polished primary contig assembly, the secondary contigs 391 covered 38% of the assembly size. To the best of our knowledge, this is the first published 392 fish genome assembly that has been resolved to the haplotype level with Falcon_Unzip. 393 394 Scaffolding of the orange clownfish genome assembly into chromosomes 395
To build a chromosome-scale reference genome assembly of the orange clownfish, chromatin 396 contact maps were generated by Phase Genomics (Fig. S1 ). Scaffolding was performed by the 397 assembly "A7-PGA" ( Table 2 ). The contig clustering allowed the placement of 1,073 contigs 400 into 24 scaffolds (chromosomes) with lengths ranging from 23.4 to 45.8 Mb (Tables 2 and 3) . 401
While only 76% of the contigs were assembled into chromosome clusters, this corresponds to 402 98% (885.4 Mb) of total assembly length and represents 95% of the estimated genome size of 403 938.9 Mb (Tables 2 and 3 ). This step substantially improved the overall assembly contiguity, 404 raising the N50 20-fold from 1.86 to 38.1 Mb. 405 406 A quality score for the order and orientation of contigs within the A7-PGA assembly was 407 determined. This metric is based on the differential log-likelihood of the contig orientation 408 having produced the observed log-likelihood, relative to its neighbors (Burton et al., 2013). 409
The orientation of a contig was deemed to be of high quality if its placement and orientation, 410 relative to neighbors, was 100 times more likely than alternatives (Burton et al. This polishing step closed 369 gaps, thereby improving the contig N50 by 68% and increasing 417 the total assembly length by 5.21 Mb (Tables 2 and 3 ). The length of each chromosome was 418 increased, with a range of 23.7 to 46.1 Mb (Fig. 1B) . Gaps were closed in each chromosome 419 except for chromosome 14, leaving an average of only 28 gaps per chromosome (Table 3) . 420
The final assembly is 908.9 Mb in size and has contig and scaffold N50s of 3.12 and 38.4 Mb, 421
respectively. The assembly is highly contiguous as can be observed by the fact that 50% of 422 the genome length is contained within the largest 84 contigs. The final assembly size of 908.9 Mb is consistent with the results of a Feulgen image analysis 429 densitometry-based study, which determined a C-value of 0.96 pg and thus a genome size of 430 938.9 Mb for the orange clownfish (Hardie & Hebert, 2004 ). Furthermore, our assembly size 431 is in keeping with estimates of genome size for other fish of the Amphiprion genus, which 432 range from 792 to 1193 Mb (Gregory, 2018). We additionally validated the observed 433 assembly size by using a k-mer based approach. Specifically, the k-mer coverage and 434 frequency distribution were plotted and fitted with a four-component statistical model with the repeat content and level of heterozygosity. However, varying the k-value from the 437 recommended value of 21 up to 27 yielded a corresponding increase of the estimated genome 438 size. We therefore used KmerGenie to determine the optimal k-mer length of 71 to capture the 439 available sequence information. The utilization of small k-values might partially explain the 440 reported tendency of GenomeScope to underestimate the genome size (Vurture et al., 2017) . 441
The final estimate of the haploid genome length by k-mer analysis was 906.6 Mb, with 732.8 442 Mb (80%) of unique sequence and a repeat content of 173.8 Mb (19%). Furthermore, the 443 estimated heterozygosity level of 0.12% is low considering that an F1 offspring of wild 444 caught fish was sequenced (Fig. S2B ). While the short-read k-mer based genome size 445 estimate of 906.6 Mb matches the final assembly size of 908.9 Mb very well, the C-value 446 derived genome size estimate is slightly larger (938.9 Mb). As an additional validation of the 447 accuracy of the genome assembly, we mapped the trimmed Illumina short reads to the Nemo 448 v1 assembly and observed that 95% of the reads mapped to the assembly and that 84% of the 449 reads were properly paired. (Table S3 ). Here, we present the first chromosome-scale assembly of a tropical coral reef fish, 462 the orange clownfish. As a measure of genome assembly quality, we assessed the contiguity 463 and completeness of these 27 chromosome-scale genome assemblies. We investigated 464 genome contiguity with the contig N50 metric and characterized genome completeness for 465 each genome assembly by calculating the proportion of the estimated genome size that was 466 assigned to chromosomes. As shown in Fig. 1C , the orange clownfish genome assembly is 467 highly contiguous, with a scaffold-scale contig N50 of 1.86 Mb, which is only surpassed by 468 the contig N50 of the Nile tilapia genome assembly. Interestingly, even though different 469 assembler algorithms were utilized, the three genome assemblies based primarily on long read 470 PacBio technology were the most contiguous, with only Nile tilapia (3.09 Mb, Canu), orange 471 clownfish (1.86 Mb, Falcon) and Asian seabass (1.19 Mb, HGAP) genome assemblies 472 yielding contig N50s in excess of 1 Mb. 473 474 While the use of long read sequencing technologies facilitates the production of highly 475 contiguous genome assemblies, scaffold sizes are still much shorter than the length of the 476 underlying chromosomes. The use of further scaffolding technologies such as genetic linkage 477 maps, scaffolding based on synteny with genome assemblies from related organisms, as well 478 as in vitro and in vivo Hi-C based methods has allowed for the production of assemblies with 479 chromosome-sized scaffolds. Here, the use of Hi-C based chromatin contact maps allowed for 480 the placement of 98% of the Nemo v1 assembly length (890.2 of 908.9 Mb) into 481 chromosomes, yielding a final assembly with a scaffold N50 of 38.4 Mb. This corresponds to 482 95% of the estimated genome size (938.9 Mb), which suggests that the Nemo v1 assembly is 483 one of the most complete fish genome assemblies published to date (Fig. 1C ). Only the zebrafish (94%) and Atlantic cod (91%) genome assemblies had a comparably high 485 proportion of their estimated genome sizes scaffolded into chromosome-length scaffolds (Fig.  486   1C) . It is likely that the use of both PacBio long reads and Hi-C based chromatin contact maps 487 contributed to the very high proportion of the orange clownfish genome that we were able to 488 both sequence and assemble into chromosomes. 489 490 While assembly contiguity is important, genome completeness with respect to gene content is 491 also vital for producing a genome assembly that will be utilized by the research community. 492
We evaluated the completeness of the 27 chromosome-scale assemblies with BUSCO and the 493 Actinopterygii lineage, which encompasses 4,584 highly-conserved genes. When ranked by 494 the total of complete (single copy and duplicate) genes, the orange clownfish assembly is the 495 second most complete, with 4,456 (97.2%) of the orthologs identified (Fig. 2) . The top ranked 496 assembly, Nile tilapia, contains only 9 more of the core set of orthologs such that it contains 497 4,465 of the orthologs (97.4%). While the assemblies based on PacBio long read technology 498 are again amongst the most complete, it should also be noted that most of the assemblies 499 analyzed showed a very high level of completeness. 500 501
Genome annotation 502
To annotate repetitive sequences and transposable elements, we constructed an orange 503 clownfish-specific library by combining the results of Repeatmodeler, LTRharvest and 504
TransposonPSI. Duplicate sequences were removed and false positives were identified using 505 three classification protocols (Censor, Dfam, RepeatClassifier) as well as comparisons to 506 Uniprot/Swissprot databases. After these filtering steps, we identified 21,644 repetitive 507 sequences. These sequences, in combination with the zebrafish library of RepBase, were then 508 used for genome masking with RepeatMasker. This lead to a total of 28% of the assembly 509 being identified as repetitive ( Fig. 3A and Table S4 ). It was observed that there is a general 510 trend for increased repeat density towards the ends of chromosome arms (Fig. 3B and S2) . 511
The total fraction of repetitive genomic sequence is in good agreement with other related fish 512 species (Chalopin, Naville gene annotation was performed with the BRAKER1 pipeline, which trained the AUGUSTUS 519 gene predictor with supplied RNA-seq data, and a successive refinement with the MAKER2 520 pipeline. We provided BRAKER1 with mapped RNA-seq data from 10 different tissues. This 521 initial annotation comprised 49,881 genes with 55,273 transcripts. The gene finder models of 522 SNAP and AUGUSTUS were refined based on the initial annotation, and MAKER2 was then 523 used to improve the annotation using the new models and the available protein homology and 524 RNA-seq evidence. The resulting annotation contained 26,606 genes and 35,498 transcripts, 525 which feature a low mean AED of 0.12, indicating a very good agreement with the provided 526 evidence. After retaining only genes with evidence support (AED of less than 1) or an 527 annotated Pfam protein domain, the filtered annotation was comprised of 26,597 genes, 528 corresponding to 35,478 transcripts (Table 4 ). This result is broadly consistent with the 529 average number of genes (23,475) found in the 22 diploid fish species considered in this study 530 (Table S3 ). Compared to the initial annotation, genes in the final annotation are 61% longer 531 genome that is covered by coding sequences also increased to 8.1% in the final annotation. 533
Together with the observed reduction in the gene number by 47%, this indicates a substantial 534 reduction of likely false positive gene annotations of short length and/or few exons. The gene 535 density across the 24 chromosomes of our assembly varied from 23.6 genes/Mb (chromosome 536 21) to 36.5 genes/Mb (chromosome 14), with a genome-wide average of one gene every 29.7 537 Mb ( Table 3 ). The spatial distribution of genes across all 24 chromosomes is relatively even 538 ( Fig. 1B) , with regions of very low gene density presumably corresponding to centromeric 539 regions. We observed that the longest annotated gene was APERC1_00006329 (26.5 kb), 540 which encodes the extracellular matrix protein FRAS1, while the gene coding for the longest 541 protein sequence was APERC1_00011517, which codes for the 18,851 amino acid protein, 542
Titin. Functional annotation was carried out using Blast2GO and yielded annotations for 543 22,507 genes (85%) after aligning the protein sequences to the UniProt/Swissprot database 544 and annotating protein domains with InterProScan. 545 546 Identification of orange clownfish-specific genes 547
To investigate the gene space of the orange clownfish relative to other fishes, we used 548 OrthoFinder v1.1.4 (Emms & Kelly, 2015) to identify orthologous relationships between the 549 protein sequences of the orange clownfish and four other fish species (Asian seabass, Nile 550 tilapia, southern platyfish and zebrafish) from across the teleost phylogenetic tree (Betancur-551 R. et al., 2013) . The vast majority of sequences (89%) could be assigned to one of 19,838 552 orthogroups, with the remainder identified as "singlets" with no clear orthologs. We observed 553 a high degree of overlap of protein sequence sets between all five species, with 75% of all 554 orthogroups (14,783) shared amongst all species (Fig. 4A) . The proteins within these 555 orthogroups presumably correspond to the core set of teleost genes. Of the 14,783 556 orthogroups with at least one sequence from each species, a subset of 8,905 orthogroups 557 contained only a single sequence from each species. The phylogeny obtained from these 558 single-copy orthologous gene sequences (Fig. 4B) is consistent with the known phylogenetic 559 tree of teleost fishes (Betancur-R. et al., 2013) . Interestingly, we identified a total of 4,429 560 sequences that are specific to the orange clownfish, 2,293 (49%) of which possess functional 561 annotations (Fig. 4A) . Future investigations will focus on the characterization of these unique 562 genes and what roles they may play in orange clownfish phenotypic traits. 563 564 565
Conclusion 566
Here, we present a reference-quality genome assembly of the iconic orange clownfish, A. 567 percula. We sequenced the genome to a depth of 121X with PacBio long reads and performed 568 a primary assembly with these reads utilizing the Falcon_Unzip algorithm. The primary 569 assembly was polished to yield an initial assembly of 903.6 Mb with a contig N50 value of 570 1.86 Mb. These contigs were then assembled into chromosome-sized scaffolds using Hi-C 571 chromatin contact maps, followed by gap-filling with the PacBio reads, to produce the final 572 reference assembly, Nemo v1. The Nemo v1 assembly is highly contiguous, with contig and 573 scaffold N50s of 3.12 and 38.4 Mb, respectively. The use of Hi-C chromatin contact maps 574 allowed us to scaffold 890.2 Mb (98%) of the 908.2 Mb final assembly into the 24 575 chromosomes of the orange clownfish. An analysis of the core set of Actinopterygii genes 576 suggests that our assembly is nearly complete, containing 97% of the core set of highly 577 conserved genes. The Nemo v1 assembly was annotated with 26,597 genes with an average 578 AED score of 0.12, suggesting that most gene models are highly supported. 579
580
The high-quality Nemo v1 reference genome assembly described here will facilitate the use of 581 this now genome-enabled model species to investigate ecological, environmental and 582 evolutionary aspects of reef fishes. To assist the research community, we have created the 583 Nemo Genome DB database, http://nemogenome.org/ (Fig. 5) preparations. We thank Dr. Salim Bougouffa for stimulating discussions. We also 596 acknowledge Mr. Tane Sinclair-Taylor for providing the photograph of the orange clownfish 597 (Fig. 1A) . This paper is dedicated to our good friend and colleague, Dr. Sylvain Foret. The assembled and annotated genome as well as the raw PacBio reads and Illumina reads are 855 available at the Nemo Genome DB (http://nemogenome.org). Furthermore, the assembled 856 genome will be available on GenBank as BioProject PRJNA436093 and BioSample accession 857 SAMN08615572. All raw sequencing data described in this study will be available via the 858 NCBI Sequencing Read Archive. 859 860   861   862 Fig . 1 (A Table S3 . 867 . 4 (A) The overlap of orthologous gene families of the orange clownfish, southern 898 platyfish, Nile tilapia, zebrafish and Asian seabass. The total number of orthogroups (nOG) 899 followed by the number of genes assigned to these groups is provided below the species 900 name. The number of species-specific orthogroups (nSOG) and the respective number of 901 genes is also indicated, followed by the number of genes not assigned to any orthogroups. 
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